Very high cycle fatigue behavior of nugget zone in AA 7075 friction stir welded joint was experimentally investigated using ultrasonic fatigue testing system (20 kHz) to clarify the crack initiation mechanism. It was found that the fatigue strength of nugget zone decreased continuously even beyond 10 7 cycles with no traditional fatigue limits. Fatigue cracks initiated from the welding defects located at the bottom side of the friction stir weld. Moreover, a special semicircular zone could be characterized around the crack initiation site, of which the stress intensity factor approximately equaled the threshold of fatigue crack propagation rate. Finally, a simplified model was proposed to estimate the fatigue life by correlating the welding defect size and applied stress. The predicted results are in good agreement with the experimental results.
Introduction
High strength aluminum alloys are playing an increasingly important role in many engineering applications including transportation, aerospace, and electric communication, due to the pressing demand for lightweight structures to improve fuel efficiency and reduce CO 2 emissions [1, 2] . But the shortcomings of their weldability, such as poor solidification microstructure, porosity in the fusion zone, and softening in the heat affect zone, are among the major issues which are currently limiting their widespread applications [3, 4] . For a long time, aluminum alloys were regarded as nonweldable using traditional arc welding, electron beam welding, or even laser welding, which needs research efforts for developing new innovative welding techniques. In 1991, friction stir welding (FSW) technique was invented by the welding institute (TWI) [5] , and it was especially suitable for the jointing of aluminum alloy with the benefits of better retention of base material properties, fewer welding defects, and lower residual stresses [6] . As a solid state joining technique, the basic concept and processing of FSW are remarkably simple and can be detailedly found in some previous works [6] [7] [8] .
Generally, the FSW joints used in automobile, aircraft, and railway industries are subjected to cyclic loading with up to 10 9 cycles during their expected service life [9, 10] . Therefore, very high cycle fatigue (VHCF) behaviors of FSW joints are of great interest for these applications. Deng et al. [11] reported that the VHCF fatigue strength of FSW joints was superior to that of the base material (AA 7075-T7451). It revealed that the fatigue crack originated at the advancing side due to the effects of microstructural heterogeneity. Our previous work [12, 13] also found that fatigue crack initiation sites were localized at the thermomechanically affected zone on the advancing side below 10 8 cycles. Nevertheless, the failure was prone to occur at the nugget zone in the VHCF regime. This transition of fatigue failure location from the thermomechanically affected zone to nugget zone can probably be ascribed to the dynamic recrystallization 2 Advances in Materials Science and Engineering process during the FSW processing, which redistributed the particles in the nugget zone. Therefore, it can be seen that the fatigue strength of different subzones across the welds was inconsistent because of the microstructural heterogeneity, indicating that the fatigue test on the whole butt joint can only obtain the strength of the weakest zone. For a better understanding of the VHCF behaviors of FSW joints, it is essential to determine the local mechanical properties of different weld subzones. Especially for the nugget zone, it is more sensitive to the VHCF failure than other subzones. The fatigue behaviors of FSW joints, including the fatigue crack propagation [14, 15] , low cycle fatigue [16, 17] , and high cycle fatigue [18] , have been experimentally studied in many previous works. It was found that the FSW process had a positive effect on the fatigue properties of the joints. However, the fatigue crack initiation, which is the key factor to influencing and even determining the VHCF behaviors, is quite limited. In the present study, the local VHCF behaviors in the nugget zone of aluminum alloy FSW joint are experimentally investigated using ultrasonic fatigue testing system. Fatigue crack initiation mechanism is characterized by taking into account the microstructure heterogeneity and dynamic recrystallization process. Moreover, a model is developed for correlating the effect of defect size and applied stress on the fatigue life, and the predictions accord with the experimental results well.
Materials and Experimental Procedures
High strength aluminum alloy 7075-T651 rolled plates with 10 mm thickness were selected as jointing materials. The nominal chemical compositions and static mechanical properties of AA 7075 are listed in Tables 1 and 2 , respectively. The weld experiment was performed on an FSW-LM-CM16 machine using a stir tool with a shoulder of 25 mm in diameter and a flat pin of adjustable length. The schematic diagram of the welding process is shown in Figure 1(a) , in which the welding direction is perpendicular to the rolling direction. During the FSW process, the welding parameters used in this test are with a rotation speed of 300 rpm, a welding speed of 150 mm/min, and a tool tilt angle of 8 ∘ . Both the top and root sides of the FSW plates with a thickness of 1 mm were skimmed to eliminate the effect of profile irregularities on stress concentration. The fatigue specimens are sectioned along the transverse direction of the welded plate with the nugget zone located at the semicircular gap. This gap can position the maximum stress in a local zone within the nugget zone due to the wave-like distribution of the applied stress so that the local fatigue behaviors of nugget zone could be determined. Figure 1(b) shows the detailed dimensions of ultrasonic fatigue specimen, which has a resonant frequency of 20 kHz in the longitudinal direction. The surfaces of all specimens were subjected to electrolytic etching with perchloric acid/ethanol solution to reveal microstructure after a standard mechanical polishing. Fatigue test was conducted using an ultrasonic fatigue testing system (SHIMADZU USF-2000) at a frequency of 20 kHz. A detailed description of the principle of this highfrequency fatigue testing method can be found in a recent overview work [19] . In this work, ultrasonic fatigue test was performed at constant stress ratio of −1, and compressed air-cooling was used to keep the increase of specimen surface temperature below 10 ∘ C. After testing, fatigue crack initiation and propagation behaviors were carefully examined using scanning electron microscope (SEM) and optical microscope (OM).
Experimental Results

3.1.
Microstructure. Optical image of the cross section in the transverse direction of the weld is shown in Figure 2 (a). According to the microstructure characteristics, four different zones including base material (BM), heat affected zone (HAZ), thermomechanically affected zone (TMAZ), and nugget zone (NZ) can be clearly distinguished as shown in Figure 2 (b). The BM presents large elongated lath-like grains with typical rolling morphology. In the HAZ, the shape and size of grains stay the same as the BM without any plastic deformation, but the material is softened owing to the coarsening of precipitates because of the influence of the thermal cycle. The grains in the TMAZ experience severe plastic deformation caused by the tool but are not recrystallized, so the grains exhibit an upward flowing pattern around the weld center. In the NZ, intense plastic deformation and heat input result in the generation of a recrystallized fine-grained microstructure. In addition, the average size changes of these equiaxed grains along the thickness direction in the NZ are summarized in Figure 2 (c), in which the grain sizes near the top and bottom of the weld are 6 m and 3.5 m, respectively. This indicates that the grain size tends to decrease from the top to bottom of the NZ. Such variation in grain size of the NZ is associated with the difference in heat dissipation in the nugget zone [6] . The bottom of plates is in contact with the backing plate that acts as a heat conductor, so the peak temperature is lower and the thermal cycle is shorter compared to the top. The rapid cooling experienced by the weld root effectively retards the grain growth and results in smaller recrystallized grains.
Microhardness Profiles.
The microhardness on the cross section of the weld in the transverse direction was measured using a hardometer (force: 0.98 N and dwell time: 15 s), and its distribution is shown in Figure 3 (a). It is clear that the hardness distribution exhibits a "W" shaped profile, and softening around the weld center can be observed due to the coarsening and dissolution of strengthening precipitates during FSW process. The hardness in the HAZ decreases towards the weld center, while the TMAZ containing elongated grains was slightly strengthened by the intense plastic deformation as compared to the HAZ. Therefore, the minimum hardness value is located around the boundary between the TMAZ and HAZ at the advancing side. In the NZ, fine and equiaxed grains bring a recovery of hardness according to Hall-Petch relationship [20] , but the values stay still below the level of BM. In detail, the hardness profile within the NZ along the thickness direction is also presented in Figure 3(b) , in which an increasing trend can be observed from the top to bottom of the weld. This is in accordance with the variation tendency of grain size in the NZ. Moreover, it should be noted that the distribution of strengthening precipitates is another key factor to control the hardness beside grain size, because the coarsening and dissolution of precipitates are also nonuniform after the thermal cycle during FSW process [21] [22] [23] . The hardness at the top shows much lower values than those near to the bottom, which is assumed to be caused by comparably high local temperature during strong plastic deformation. Therefore, the microstructural differences could result in a homogeneous response of hardness and other mechanical behaviors, indicating that the fatigue crack initiation is probably in association with local microstructure within the NZ.
S-N Curves.
Fatigue results of all specimens in this test are shown in Figure 4 , in which runout specimens at 10 9 cycles are indicated with arrows. For comparison, the data of AA 7075 FSW joint obtained from the full specimen in our previous work are also presented [13] , in which the fatigue failures occurred at the TMAZ in high cycle fatigue regime and at the NZ in the VHCF. It is clear that the fatigue strength keeps going down with cyclic load increasing. No fatigue limits can be observed for the NZ. As compared with the results of full specimens, the NZ exerts a better fatigue resistance than the TMAZ in high cycle fatigue range, explaining that fatigue failures were always located at the TMAZ when full specimens were tested. In VHCF regime, the fatigue strength of the NZ is still higher than that of the full specimen, even when the failures of full specimens occur at the NZ. This can be ascribed to the difference of specimen dimensions because the risk volume (specimen volume subjected to a stress amplitude larger than the 90% of its maximum value [24, 25] ) of the NZ specimen in this test is much smaller than that of the full specimen. Generally, a larger risk volume results in a smaller fatigue strength, so the fatigue behaviors of the NZ are slightly better in this test. Figure 5 (a) presents typical appearances of the fracture surface. Different from general dog-bone shaped ultrasonic specimen with single crack origination, the fracture morphology in this test was characterized by multiple fatigue crack initiation sites occurring at the surface. This might be ascribed to the fact that the cross section of the specimen gauge (3 * 8 mm) is much larger than that of the general ultrasonic sample with only diameter of 3 mm. As a result, the crack propagation process became longer under the same cyclic stress, which accordingly provided more opportunities for the formation of secondary fatigue crack. In addition, a special zone surrounding the fatigue crack initiation site could be identified for its different morphology as plotted with dash lines in Figures 5(b) and 5(c). In the enlarged view of fatigue crack initiation sites for different specimens as shown in Figure 6 , it is clear that fatigue cracks were originated from welding defects (shrinkage porosity) located at the specimens. A cluster of recrystallized grains with diameters varying from 3 to 6 m can be clearly observed within the shrinkage porosity. It should be noted that particleinduced fatigue crack initiations were also detected twice in this test, but they were not the predominant factor to control the origination of fatigue crack. 
Fractography.
Discussions
Fatigue Crack Propagation Threshold.
A special semicircular zone embracing the fatigue crack initiation site has been detected as shown in Figure 5 . Further observation found that the size of these zones was related to the fatigue life, as shown in Figure 7 (a). It is found that the longer the fatigue life, the larger the special zone, which implies that a close association exists between the formation of the special zone and the fatigue process based on the fracture mechanics. Furthermore, the effective stress intensity factor Δ at the periphery of the special zone was summarized for all failed specimens, based on the computing method of semicircular crack in infinite solid [26] . The results were provided in Figure 7(b) , in which the experimental thresholds of fatigue crack propagation rate for 7XXX aluminum alloys obtained by some researchers [27] [28] [29] were also plotted for comparison. It can be seen that the values of effective stress intensity factor for the special zone almost keep constant with increasing the fatigue life. Besides, the effective stress intensity factor changes from 1.0 to 1.5 MPa√m, which is in good agreement with the fatigue crack propagation threshold. In other words, the formation of these zones was finished before the occurrence of a stable extended crack on the meaning of fracture mechanics. Similarly, the special morphology around the crack initiation site is also observed in the VHCF study of AA 6061 FSW joint [16] , and it was reported that the formation of these zones consumes over 98% of total fatigue life in the VHCF range. The formation mechanism of the flat zones is still controversial and unclear. It has been confirmed that the fatigue crack initiation process and early crack extension are responsible for a major part of total fatigue life in the VHCF regime [30, 31] .
Fatigue Crack Initiation
Site. Generally, the welding processing significantly alters the local material properties; hence the local mechanical behaviors are tied directly to the heterogeneous microstructure [32] . Accordingly, the resistance to fatigue crack initiation across the weld is also determined by local property distributions associated with the inhomogeneous structure [16] . In this test, the location of fatigue crack initiation site along with the fatigue life is presented in Figure 8 (a). It is found that the majority of fatigue crack initiation sites are situated at the bottom of the NZ, and no clear regularities related to the fatigue lives can be observed. Therefore, the microstructural changes in grain size as shown in Figure 2 (c) exert little influence on the mechanisms of fatigue crack initiation. This differs from the results of many previous studies that microstructural plasticity evolution in large grains generally initiates fatigue crack [33, 34] . However, an area of shrinkage porosity has been detected at the crack initiation site as shown in Figure 6 , indicating a close relationship between the formation of shrinkage porosity and the fatigue crack initiation. Generally, defects in FSW processing can be formed at higher rotation speeds and higher welding speeds due to the different temperature between the top part contacted with tool shoulder and the bottom part [35] . As a result, unsuitable parameters would cause welding defects located at the bottom of the weld more easily, because the top materials are applied with downforce by tool shoulder and accordingly the temperature is higher for a better flowability. Therefore, fatigue crack initiation sites are localized at the bottom of the NZ as presented in Figure 8 (a). Moreover, it should be noted that the size of shrinkage porosity observed at the crack origination site is in the range of 20-40 um in diameter, which is much smaller than the size of visible flaws in regular defect detecting. These small defects have limited influence on tensile and fracture resistance but are the crucial factor to control fatigue crack initiation process in the VHCF range, because the VHCF failure became more sensitive to the small impurities and microstructural heterogeneities. For a better understanding of the relationship between defects and fatigue life, the sizes of the shrinkage porosity along with the corresponding fatigue life are summarized in Figure 8(b) , in which the projected area of the defect in the direction of maximum stress is calculated by assuming that the defect is shaped in semicircle located at the surface. Clearly, the size of defect decreased with the fatigue life increasing. It should be noted that the fatigue life is determined not only by the size of porosity but also by the amplitude of applied stress. However, the S-N curve in Figure 4 only presented the association between applied stress and fatigue life, but the effects of defect size on fatigue life are neglected. For high strength steels, some researchers had studied the effects of interior inclusions on the VHCF behavior in recent years [36] [37] [38] [39] . However, the applicability of these models is doubtful for aluminum alloy welded joint with surface defects. Therefore, a new description of the relationship between welding defect size, applied cyclic stress, and fatigue life needs to be developed.
According to the work by Murakami and Usuki [40] , a model has been developed for predicting the effect of defects on the fatigue strength. For the load ratio of = −1, the fatigue limit at high cycle fatigue regime can be obtained with the following empirical formula:
where Area is the square root of the area obtained by projecting a defect onto the plane perpendicular to the loading stress and , are constants. It should be noted that (1) was obtained and experimentally validated within high cycle fatigue regime. In this test, the S-N curve decreases constantly as shown in Figure 4 , so there are no traditional fatigue limits. Here we suppose that the fatigue limit was regarded as the fatigue strength at 10 6 cycles. Therefore, (1) is thought to be still available for the prediction of fatigue strength at 10 6 cycles in this test. When the applied stress is above or below , the fatigue life would change accordingly. Taking into account the fatigue life, Murakami's model can be rewritten as the following expression:
where ( ) is a function related to the fatigue life. Note that √ Area varies within a very small range, so it is thought that the function ( ) can be expressed approximately by using Basquin's equation:
where is fatigue strength coefficient and is Basquin exponent. For the convenience of comparison, we rearrange the expression as follows:
It can be seen that the models proposed by Tanaka and Akiniwa [36] , Chapetti et al. [37] , and Mayer et al. [38] are the special cases of the present model as (4). Using least square fitting, the approximation of fatigue life delivers the values of constants: = 5.92 × 10 9 , = 18.77, and = −0.348. The comparison between the calculated values of fatigue life and experimental results was shown in Figure 8(c) . It is clear that the predicted fatigue life is in agreement with the experimental one, indicating that this model is capable of correlating the weld defect size, applied stress amplitude, and fatigue life.
Conclusions
Ultrasonic fatigue testing system was utilized to investigate very high cycle fatigue behaviors of nugget zone in AA 7075 FSW joint in the present work. The conclusions can be summarized as follows:
(1) Fatigue strength of the nugget zone decreased continuously in very high cycle regime with no horizontal platforms in the S-N curves. The nugget zone shows better fatigue resistance than that of the thermomechanically affected zone.
Advances in Materials Science and Engineering 9 (2) Fatigue crack initiated from the specimen surface and was surrounded by a special semicircular zone. The stress intensity factor of the special zone was equal to the threshold value of fatigue crack propagation rate, indicating that the formation of this zone consumes most of the total fatigue life. (3) Shrinkage porosity located around the bottom side of the NZ determined the fatigue crack initiation site. A model was proposed for predicting the fatigue life of defect induced crack initiation, which takes into account the effect of defect size and applied stress.
The predicted results are in good agreement with the experimental data in this work.
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